A common feature of diverse chemopreventive agents is the ability to activate expression of a genetic program that protects cells from reactive chemical species that, if left unchecked, would cause mutagenic DNA damage. The bZIP transcription factor Nrf2 has emerged as a key regulator of this cancer-preventive genetic program. Nrf2 is normally sequestered in the cytoplasm by a protein known as Keap1. Chemopreventive agents allow Nrf2 to escape from Keap1-mediated repression, although the molecular mechanism(s) responsible for activation of Nrf2 is not understood. In this report, we demonstrate that Keap1 does not passively sequester Nrf2 in the cytoplasm but actively targets Nrf2 for ubiquitination and degradation by the proteosome under basal culture conditions. We have identified two critical cysteine residues in Keap1, C273 and C288, that are required for Keap1-dependent ubiquitination of Nrf2. Both sulforaphane, a chemopreventive isothiocyanate, and oxidative stress enable Nrf2 to escape Keap1-dependent degradation, leading to stabilization of Nrf2, increased nuclear localization of Nrf2, and activation of Nrf2-dependent cancer-protective genes. We have identified a third cysteine residue in Keap1, C151, that is uniquely required for inhibition of Keap1-dependent degradation of Nrf2 by sulforaphane and oxidative stress. This cysteine residue is also required for a novel posttranslational modification to Keap1 that is induced by oxidative stress. We propose that Keap1 is a component of a novel E3 ubiquitin ligase complex that is specifically targeted for inhibition by both chemopreventive agents and oxidative stress.
There is compelling evidence from epidemiological studies and from laboratory-based experiments that the incidence of cancer can be reduced by dietary consumption of various plantderived chemicals (2, 16, 17, 38, 42) . Indeed, a structurally diverse array of plant-derived phytochemicals, including isothiocyanates, coumarins, indoles, and lactones, have been shown to be efficacious in the prevention or reduction of cancer in both humans and laboratory animals (42) . Despite their structural diversity, these phytochemicals, along with synthetic chemopreventive agents such as the 1,3-dithiolethiones, share chemical and biological features that are thought to be responsible for their cancer-preventive properties. On the chemical level, these anticarcinogens are all electrophilic compounds that have a striking propensity to react with sulfhydryls, leading to the suggestion that the cellular target(s) of these chemicals might be cysteine residues in one or more proteins that control key regulatory pathways leading to cancer (8, 9) . On the biological level, these anticarcinogens share the ability to activate expression of a battery of genes that are regulated, in part, by the presence of cis-acting DNA sequences referred to as the antioxidant response elements (AREs) (11, 17, 30, 38, 41) . The ARE gene battery, which includes classical phase 2 genes such as glutathione S-transferase Ya and NAD(P)H oxidoreductase (NQO1), has recently been extended to include a number of other genes with diverse roles in cellular metabolism (21, 23, 31, 39) . These ARE-dependent genes are also activated by induction of oxidative stress by agents such as tert-butyl hydroxyquinone (tBHQ) and diethylmalate (30) . Induction of ARE-dependent genes represents a coordinated response to electrophilic reactive chemicals and to oxidative stress that increases the capacity of cells to detoxify reactive chemicals, to minimize oxidative DNA damage, and to restore cellular redox homeostasis.
The transcription factor Nrf2 has emerged as the critical regulator of ARE-dependent transcription. Nrf2 is a member of a small family of transcription factors that share a conserved bZIP dimerization/DNA-binding domain and the ability to bind ARE-like DNA sequence motifs (28, 30) . The characterization of mice that lack Nrf2 has revealed an essential role for Nrf2 in both basal and inducible expression of classical phase 2 genes (4, 5, 12, 20, 24, 33) . Nrf2-dependent transcription is critically required for cancer prevention by anticarcinogens, as Nrf2-deficient mice display increased sensitivity to carcinogenic chemicals and cancer incidence in these mice is not reduced by chemopreventive agents such as oltipraz, a synthetic 1,3-dithiolethione (33) . Nrf2 may also participate in other physiological processes, as a recent report indicates that Nrf2-deficient mice have a lupus-like autoimmune disorder (43) .
The ability of Nrf2 to activate transcription of its target genes is regulated, in large part, through association with a cytoplasmic protein termed Keap1 (7, 14) . Keap1 was first identified in a two-hybrid screen that used the N-terminal regulatory domain of Nrf2 as bait. Keap1 is a member of a large family of proteins that contain an N-terminal Broad complex, Tramtrack, and Bric a brac (BTB) domain and a Cterminal Kelch repeat domain (1) . Previous reports have demonstrated that Keap1 retains Nrf2 in the cytoplasm via a direct protein-protein interaction between the C-terminal Kelch repeat domain of Keap1 and the N-terminal Neh2 regulatory domain of Nrf2 (14, 15) . The role of Keap1 as a physiological regulator of Nrf2 is further supported by the observation that macrophages from mice that lack Keap1 have constitutive nuclear accumulation of Nrf2 (15) . However, the molecular mechanisms responsible for cytoplasmic retention of either Keap1 or the Keap1-Nrf2 complex are poorly understood. In this report, we demonstrate that the linker region located between the BTB and Kelch domains is required for cytoplasmic localization of both the Keap1 protein and the Keap1-Nrf2 complex.
The ability of Keap1 to sequester Nrf2 in the cytoplasm provides a plausible mechanism for repression of Nrf2-dependent transcription. However, as Nrf2-dependent transcription is increased as a protective response to electrophilic chemicals and oxidative stress, Nrf2 must be able to escape Keap1-mediated repression, translocate to the nucleus, and activate expression of its target genes. Several mechanisms have been proposed for the ability of Nrf2 to escape Keap1-mediated repression. One attractive mechanism is based on the fact that chemicals which enable Nrf2 to escape Keap1-mediated repression share a common propensity to react with protein thiols (9) . Hence, it has been postulated that one or more of the 27 cysteine residues in Keap1 may be the molecular target(s) of thiol-reactive chemical inducers (9) . All 27 cysteine residues in Keap1 can be quantitatively labeled by thiol-specific reagents in vitro, although four cysteine residues located in the linker domain between the BTB and Kelch domains (C257, C273, C288, and C297) are the preferred sites of labeling (8) . Furthermore, formation of the Keap1-Neh2 complex is dependent upon the presence of strong reducing agents in vitro, and the electrophoretic mobility of the Keap1-Neh2 complex can be altered by thiol-reactive reactive compounds, including the naturally occurring isothiocyanate, sulforaphane (8) . However, the role of specific cysteine residues in Keap1 for induced release of Nrf2 in vivo has not been established.
The phosphorylation of Nrf2 has also been proposed as a mechanism for escaping Keap1-mediated repression. Several different protein kinase-dependent signal transduction pathways have been implicated in the release of Nrf2 from Keap1-mediated repression, including the ERK and JNK mitogenactivated protein kinase pathways, protein kinase C, and the phosphatidylinositol 3-kinase-dependent pathway (13, 18, 22, 30, 44) . However, the only molecular target of these pathways on the Keap1-Nrf2 complex identified to date is a single serine residue in Nrf2, S40. This serine residue can be phosphorylated by protein kinase C in vitro, and replacement of this residue with alanine impairs the ability of protein kinase C to induce dissociation of Keap1 from Nrf2 in vitro (13) . However, phosphorylation of this residue has not been demonstrated in vivo, and the S40A mutant of Nrf2 behaves identically to the wildtype Nrf2 protein in terms of both Keap1-mediated repression and escape from Keap1-mediated repression by chemical inducers (unpublished data).
Several recent reports have implicated proteosome-mediated degradation of Nrf2 as a potential regulatory mechanism. Steady-state levels of Nrf2 are increased in cells treated with known inducers of Nrf2-dependent transcription, including oltipraz, tBHQ, sulforaphane, and cadmium (15, 19, 25, 29, 37) . Inhibitors of the 26S proteosome increase steady-state levels of Nrf2, and ubiquitination of Nrf2 has been demonstrated (25, 36, 37) . However, the relationship between Keap1-mediated repression of Nrf2, escape by Nrf2 from repression by Keap1, and proteosome-dependent degradation of Nrf2 is not clear. Ectopic expression of Keap1 with Nrf2 can decrease the stability of Nrf2, and mice that lack Keap1 have elevated levels of nuclear Nrf2 (15, 25) . However, another report has suggested that Keap1 may stabilize Nrf2 (36) .
In this report, we provide evidence that Keap1 actively targets Nrf2 for ubiquitination and proteosome-mediated degradation. The N-terminal Neh2 domain of Nrf2 is targeted for Keap1-dependent ubiquitination. Two cysteine residues located in the linker domain of Keap1, C273 and C288, are critically required for both Keap1-dependent ubiquitination and for Keap1-mediated repression of Nrf2-dependent transcription under basal conditions. Two well-characterized chemical inducers of Nrf2-dependent transcription, tBHQ and sulforaphane, disrupt the ability of Keap1 to target Nrf2 for proteosome-mediated degradation and markedly increase the stability of Nrf2, leading to increased nuclear accumulation of Nrf2. A third cysteine residue located in the BTB domain of Keap1, C151, is required for stabilization of Nrf2 and for activation of Nrf2-dependent transcription by tBHQ and sulforaphane. We have identified a novel posttranslational modification on Keap1 that is induced by chemical inducers of Nrf2 in a dose-dependent manner. This posttranslational modification to Keap1 is uniquely dependent upon the integrity of C151 and is stable under reducing electrophoretic conditions. Thus, C151 provides a genetic link between the ability of chemical inducers to block Keap1-mediated repression of Nrf2 and to induce posttranslational modification(s) of Keap1. We propose that Keap1 is a component of an E3 ubiquitin ligase complex that is regulated by oxidative stress and chemopreventive agents.
used in this study, containing either codons 1 to 97 of Nrf2 or codons 1 to 454 of Nrf2 fused to the open reading frame of the Gal4 DNA-binding domain. All of the genes used in this study were sequenced in the context of the expression vectors used for the experiments.
Cell culture and transfections. COS1, NIH 3T3, and MDA-MB-231 cells were purchased from the American Type Culture Collection. Cell cultures were maintained in either Dulbecco's modified Eagle's medium or Eagle's minimal essential medium in the presence of 10% fetal bovine serum (FBS). Transfections were performed with Lipofectamine Plus (Gibco BRL) according to the manufacturer's instructions. Chemical inducers of Nrf2-dependent transcription were added to medium for 16 h prior to cell lysis for analysis of reporter gene activity or other biochemical assays.
Reporter gene assays. The ARE TATA-Inr luciferase reporter plasmid, pARE-Luc, was a gift from Bill Fahl (University of Wisconsin-Madison) and contains the 41-bp ARE sequence from the mouse glutathione S-transferase Ya subunit gene cloned behind a minimal TATA-Inr promoter in pGL2-basic (Promega) (41) . The Gal4-dependent luciferase reporter plasmid, pFR-Luc, contains 5 copies of the Gal4 binding site upstream of a minimal promoter and the firefly luciferase gene (Stratagene). The Renilla luciferase expression plasmid, pRL-TK, contains the herpes simplex virus thymidine kinase promoter region upstream of the Renilla luciferase cDNA (Promega). The Gal-Nrf2 gene used for the Gal4-dependent luciferase reporter gene assays encodes a fusion protein of the Gal4 DNA-binding domain and amino acids 1 to 454 of Nrf2. NIH 3T3 cells grown on 24-well plates were transfected with 100 ng of pARE-Luc or pFR-Luc reporter plasmid, 10 ng of pRL-TK reporter plasmid, either 40 ng of the Nrf2 expression plasmid (with pARE-Luc) or 1 ng of the Gal-Nrf2 expression plasmid (with pFR-Luc), and either 100 ng (with pARE-Luc) or 10 ng (with pFR-Luc) of the wild-type or mutant Keap1 expression plasmid. The total amount of DNA was maintained at 400 ng with pcDNA3. Both firefly and Renilla luciferase activities were measured 48 h after transfection with the dual luciferase reporter assay system (Promega). Firefly luciferase activity was normalized to Renilla luciferase activity to control for sample-to-sample variations in transfection efficiency. All reporter gene assays were repeated in at least three independent transfections.
Immunofluorescence assays. NIH 3T3 cells were grown on glass coverslips on 35-mm-diameter plates. Cells were transfected with 0.5 g (each) of the HANrf2 expression plasmids and expression plasmids for either wild-type or mutant Keap1 proteins. Cells were fixed with 100% methanol at Ϫ20°C for 10 min. Fixed cells were incubated for 40 min with affinity-purified rabbit anti-Keap antibodies and mouse anti-HA antibodies (Covance) at a 1:100 dilution in phosphatebuffered saline (10 mM sodium phosphate [pH 8 .0] and 150 mM NaCl) containing 10% (vol/vol) FBS. Coverslips were washed and incubated with fluorescein isothiocyanate-conjugated anti-mouse and Texas red isothiocyanate-conjugated anti-rabbit antibodies at a 1:100 dilution for another 40 min. Both secondary antibodies were obtained from Jackson Laboratories. Coverslips were washed and mounted on glass slides. At least 100 positive cells were scored for localization of Nrf2 and Keap1 proteins under a microscope. Images were obtained with a Bio-Rad Radiance 2000 confocal system coupled to an Olympus IX70 inverted microscope and a digital camera. The images were captured with ImagePro, processed with Metamorph to obtain merged images, and transferred to Adobe Photoshop for construction of the figure. Minimal alterations were performed on the digital images with either Metamorph or Photoshop.
Antibodies, immunoprecipitation, and immunoblot analysis. The full-length Keap1 protein was expressed in Escherichia coli as a hexahistidine-tagged protein and purified by metal-chelate chromatography. Care was taken to maintain reducing conditions during all stages of the purification and subsequent use of the purified Keap1 protein. Antibodies were generated in rabbits against the full-length Keap1 protein and anti-Keap1 immunoglobulin G was purified over a column containing immobilized His-Keap1 protein with reagents obtained from Pierce. Antibodies against Nrf2 (Santa Cruz) and the HA epitope (Covance) were purchased from commercial sources. Horseradish peroxidase-coupled secondary antibodies for enhanced chemiluminescence were obtained from Jackson Laboratories.
COS1 cells on 60-mm-diameter plates were transfected with 1 g of the Nrf2 expression plasmid and 1 g of the wild-type or mutant Keap1 expression plasmid. Cells were lysed in RIPA buffer (10 mM sodium phosphate [pH 8.0], 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.2% sodium dodecyl sulfate [SDS]) containing 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (Novagen) at 48 h posttransfection. For immunoprecipitation of Keap1 proteins, soluble cell lysates were incubated with 2 g of affinity-purified anti-Keap1 antibodies for 1.5 h at 4°C and then incubated at 4°C with protein A-agarose beads for 1.5 h. For immunoprecipitation of HA-Nrf2, soluble cell lysates were incubated with 20 l of HA-agarose beads (Covance) at 4°C for 1.5 h. Unbound proteins were removed by washing four times with RIPA buffer. The immunoprecipitated proteins were eluted in sample buffer (100 mM Tris [pH 6.8], 4% SDS, 20% glycerol, 200 mM DTT, and 0.2% bromophenol blue), boiled for 4 min, electrophoresed through SDS-7.5% polyacrylamide gels, transferred to nitrocellulose membranes, and subjected to immunoblot analysis.
To obtain nuclear and cytoplasmic subcellular fractions, transfected MDA-MB-231 cells were rinsed twice with ice-cold phosphate-buffered saline. The cell pellets were lysed with ice-cold hypotonic buffer (20 mM HEPES [pH 7.9], 10 mM KCl, 0.1 mM Na 3 VO 4 , 1 mM EDTA, 10% glycerol, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail) supplemented with 0.2% Nonidet P-40. Lysates were centrifuged at 13,000 ϫ g for 10 s to separate nuclear and soluble cytoplasmic components. Supernatants were collected as cytoplasmic extracts. Nuclear extracts were prepared by resuspension of the crude nuclei in high-salt butter (hypotonic buffer containing 20% glycerol and 420 mM NaCl) at 4°C for 30 min, and the supernatants were collected after centrifugation at 13,000 ϫ g for 5 min.
For pulse-chase analyses, transfected cells in 35-mm-diameter dishes were labeled with Dulbecco's modified Eagle's medium containing 100 Ci of [ 35 S]methionine and [
35 S]cysteine supplemented with 10% dialyzed FBS for 15 or 30 min. The labeled cells were either collected in RIPA buffer or the labeling medium was replaced with complete growth medium. Cell lysates were collected in RIPA buffer following the indicated chase periods and subjected to immunoprecipitation with anti-HA antibodies. The immunoprecipitated proteins were electrophoresed through an SDS-7.5% polyacrylamide gel and visualized by fluorography. The relative intensities of immunoprecipitated Nrf2 were quantified by phosphorimager analysis (Bio-Rad FXImager).
For detection of ubiquitinated Nrf2 proteins, cells were transfected with expression vectors for HA-ubiquitin (40) , either nontagged full-length Nrf2 or Gal4-Neh2, and either wild-type or mutant Keap1 proteins. The transfected cells were exposed to dimethyl sulfoxide (DMSO) or MG132 (Boston Biochem) for 5 h. Cells were lysed in 2% SDS and 10 mM N-ethylmaleimide (NEM) to block ubiquitin hydrolase activity. Immunoprecipitation with either anti-Gal4 antibodies (Santa Cruz) or anti-Nrf2 antibodies (Santa Cruz) was performed under denatured conditions as described previously (3) . Immunoprecipitates were analyzed by immunoblotting with antibodies directed against the HA epitope (Covance).
RESULTS
The central linker domain of Keap1 is required for cytoplasmic sequestration of Nrf2. The Keap1 protein contains five discrete domains, including (i) the N-terminal 66 amino acids (termed N in this report); (ii) an N-terminal BTB domain, amino acids 67 to 178 (BTB in this report); (iii) a central linker domain, amino acids 179 to 321 (Linker, or L in this report); (iv) a C-terminal Kelch repeat domain, amino acids 322 to 608 (K in this report); and (v) a short C-terminal tail, amino acids 609 to 625 (C in this report). A series of mutant Keap1 proteins were constructed that contained precise deletions of each domain (Fig. 1A) . Proteins of the expected sizes were readily detectable in lysates from COS1 cells transfected with expression vectors for the wild-type and mutant proteins (Fig. 1C) .
To determine the ability of the wild-type and mutant Keap1 proteins to sequester Nrf2 in the cytoplasm, NIH 3T3 cells were cotransfected with an expression vector for HA-tagged Nrf2 and expression vectors for either wild-type or mutant Keap1 proteins. NIH 3T3 cells were selected for these and subsequent reporter gene experiments, as NIH 3T3 cells contain very low levels of the endogenous Nrf2 and Keap1 proteins (data not shown). The subcellular distribution of the HA-Nrf2 and Keap1 proteins was visualized by confocal microscopy following double-label indirect immunofluorescence with anti-Keap1 and anti-HA antibodies (Fig. 2) . The HA-Nrf2 protein was distributed in both the nucleus and the cytoplasm in singly transfected cells ( Fig. 2S and Tables 1 and 2 ). The HA-Nrf2 protein was efficiently sequestered in the cytoplasm by coexpression of the wild-type Keap1 protein ( Fig. 2A and Tables 1 and 2 ). Likewise, HA-Nrf2 was efficiently sequestered in the cytoplasm by the mutant Keap1-⌬N, Keap1-⌬BTB, and Keap1-⌬C proteins (Fig. 2D , G, and P and Tables 1 and 2 ). The Keap1-⌬N and Keap1-⌬BTB proteins displayed increased perinuclear localization relative to the wild-type Keap1 protein (Fig. 2 , compare panels B, E, and H). The Keap1-⌬K protein, which lacked the C-terminal Kelch domain and is therefore unable to associate with Nrf2, was unable to retain HA-Nrf2 in the cytoplasm ( Fig. 2M and Tables 1 and 2 ). In contrast, the Keap1-⌬L protein, which lacked the linker domain between the BTB and Kelch domains of Keap1, was mislocalized to the nucleus and was unable to retain HA-Nrf2 in the cytoplasm (Fig. 2J and K and Tables 1 and 2 ). These results indicate that the linker domain of the Keap1 protein is required to localize both Keap1 and Keap1-associated Nrf2 in the cytoplasm.
The N-terminal domains of Keap1 are required for efficient repression of Nrf2. The wild-type and mutant Keap1 proteins were characterized for their ability to regulate Nrf2-dependent An ARE-dependent firefly luciferase reporter gene was used to assess transcriptional activation by full-length Nrf2 (Fig.  3A) . A parallel set of reporter gene assays was performed with a Gal4-dependent firefly luciferase reporter gene to assess transcriptional activation by a Gal4-Nrf2 fusion protein containing the N-terminal Neh2 domain, which contains residues required for binding to Keap1 (14) , and the central transactivation domain of Nrf2 (Fig. 3B ). Reporter gene assays were performed with NIH 3T3 cells grown under normal cell culture conditions to measure the ability of the Keap1 proteins to repress Nrf2-dependent transcriptional activity. Parallel reporter gene assays were performed with NIH 3T3 cells exposed to 25 M tBHQ for 16 h prior to measurements of luciferase activity to assess the ability of Nrf2 to escape Keap1-mediated repression under conditions of oxidative stress. Ectopic expression of Nrf2 or the Gal4-Nrf2 fusion protein resulted in potent activation of the ARE-dependent or Gal4-dependent reporter genes under basal conditions. As expected, reporter gene activity was markedly reduced, to approximately 1%, by coexpression of wild-type Keap1 along with either fulllength Nrf2 or the Gal4-Nrf2 fusion protein ( Fig. 3A and B) . Of all the mutants tested, only the Keap1-⌬C protein, which lacked the C-terminal 15 amino acids, was able to repress basal Nrf2-dependent gene expression as efficiently as the wild-type Keap1 protein. The Keap1-⌬K protein, which lacks the Kelch domain and is unable to bind Nrf2, was unable to repress Nrf2-dependent transcription. The other Keap1 proteins, Keap1-⌬N, Keap1-⌬BTB, and Keap1-⌬L, all of which contain an intact Kelch domain but lack specific N-terminal domains, were also impaired in the ability to repress Nrf2-dependent transcription. Repression of Nrf2-dependent transcription by these mutant Keap1 proteins varied widely. Deletion of the linker domain between the Kelch and BTB domains had the greatest impact on repression of Nrf2-dependent reporter gene activity. In contrast, the Keap1-⌬BTB protein, lacking just the N-terminal BTB domain, was nearly as effective as the wildtype Keap1 protein for repression of Nrf2-dependent transcriptional activity.
The ability of either Nrf2 or the Gal4-Nrf2 fusion protein to escape repression by wild-type and mutant Keap1 proteins in response to oxidative stress was assessed following treatment of transfected cells with 25 M tBHQ ( Fig. 3A and B) . In cells singly transfected with either of the Nrf2 expression vectors, no further increase in Nrf2-dependent reporter gene expression was observed in tBHQ-treated cells, presumably a reflection of increased expression of the vector-encoded Nrf2 proteins relative to that of the endogenous Keap1 protein. However, tBHQ treatment of cells cotransfected with expression vectors for the wild-type Keap1 protein and expression vectors for either full-length Nrf2 or the Gal4-Nrf2 fusion protein resulted in a 6-to 10-fold increase in reporter gene activity. A similar tBHQ-induced increase in Nrf2-dependent reporter gene activity was observed in cells transfected with expression vectors for the Keap1-⌬C protein and either of the two Nrf2 proteins. In contrast, there was no tBHQ-induced increase in Nrf2-dependent reporter gene activity in the presence of the Keap1-⌬N, Keap1-⌬BTB, Keap1-⌬L, and Keap1-⌬K proteins. In the case of the Keap1-⌬K and Keap1-⌬L proteins, the absence of increased Nrf2-dependent reporter gene activity in tBHQtreated cells presumably reflects the failure of these two mutant Keap1 proteins to sequester Nrf2 in the cytoplasm under basal conditions (Fig. 2) . In contrast, as the Keap1-⌬N and Keap1-⌬BTB proteins are able to efficiently sequester Nrf2 in the cytoplasm under basal conditions, the absence of increased Nrf2-dependent transcription in tBHQ-treated cells in the presence of the Keap1-⌬N and Keap1-⌬BTB proteins suggests that these N-terminal domains of Keap1 are required for activation of Nrf2-dependent transcription in response to tBHQinduced oxidative stress. These N-terminal domains may be required for direct sensing of tBHQ-induced oxidative stress by Keap1. Alternatively, mislocalization of the Keap1-Nrf2 complex to a predominantly perinuclear localization by these mutant Keap1 proteins may be responsible for the absence of tBHQ-induced Nrf2-dependent gene expression.
Basal repression and oxidative stress-induced activation of Nrf2-dependent transcription require distinct cysteine residues in Keap1. The Keap1 protein can both repress Nrf2-dependent transcription under basal conditions and enable increased Nrf2-dependent transcription under conditions of oxidative stress (4) . As formation of the Keap1-Nrf2 complex requires reducing conditions in vitro and Keap1 contains a number of cysteine residues that can react with thiol-reactive chemicals (8) , an attractive hypothesis is that the oxidation on September 20, 2019 by guest http://mcb.asm.org/ status of one or more cysteine residues in Keap1 is a component of a molecular switch that is responsive to perturbations of the intracellular redox environment.
To test the involvement of cysteine residues in Keap1 in the activation of Nrf2 following exposure to oxidative stress, a number of mutant Keap1 genes containing serine codons substituted for specific cysteine codons were constructed. In the experiments reported in this report, we focused our attention on three cysteine residues within the BTB domain of Keap1 (C77, C151, and C171) and four cysteine residues within the central linker domain (C257, C273, C288, and C297). The three residues within the BTB domain were selected on the ability of the Keap1-⌬BTB protein to repress basal Nrf2-dependent transcriptional activity nearly as effectively as the wildtype Keap1 protein and to prevent increased Nrf2-dependent transcription in response to tBHQ-induced oxidative stress (Fig. 3A and B) . The four cysteine residues in the linker domain of Keap1 were selected on the basis of a recent report that these cysteine residues preferentially react with thiol-specific chemicals in vitro (8) .
Mutant Keap1 proteins containing single cysteine to serine substitutions were constructed (Fig. 1B) . The mutant Keap1 proteins containing single cysteine-to-serine mutations were expressed at levels comparable to the wild-type Keap1 protein in transient transfection experiments and displayed no detectable differences in their stability or subcellular localization (data not shown).
The ability of mutant Keap1 proteins containing individual cysteine-to-serine mutations to both repress basal Nrf2-dependent gene expression and to allow increased Nrf2-dependent gene expression in response to oxidative stress was first evaluated in reporter gene assays. Mutant Keap1 proteins containing serine substitutions for cysteine residues C77, C171, C257, and C297 behaved identically to the wild-type Keap1 protein in terms of both repression of Nrf2-dependent reporter gene activity under basal culture conditions and increased Nrf2-dependent reporter gene activity following exposure of transfected cells to tBHQ (Fig. 3C and D) .
Two of the mutant Keap1 proteins, Keap1-C273S and Keap1-C288S, were impaired in their ability to repress Nrf2-dependent transcriptional activation under basal culture conditions ( Fig. 3C and D) . Exposure of transfected cells to either tBHQ-induced oxidative stress or to sulforaphane did not result in a further increase in Nrf2-dependent transcriptional activation (Fig. 3C to F) .
A single mutant Keap1 protein, Keap1-C151S, was a constitutive repressor of Nrf2-dependent reporter gene expression both under basal culture conditions and following exposure of cells to either tBHQ or sulforaphane (Fig. 3C to F) . A Keap1 protein containing both the C151S and C273S mutations was unable to efficiently repress Nrf2-dependent transcriptional activity under basal conditions (Fig. 3G) , indicating that the loss of repression phenotype of the Keap1-C273 mutant protein is dominant over the constitutive repressor phenotype of the Keap1-C151S mutant protein.
Taken together, these results indicate (i) that C273 and C288 are critically required for Keap1-mediated repression of Nrf2 under basal culture conditions and (ii) that C151 is specifically required for escape by Nrf2 from Keap1-mediated repression in response to tBHQ-induced oxidative stress and sulforaphane.
Cysteine 151 is required for a novel oxidative stress-induced modification to Keap1. Cysteine-to-serine mutations in Keap1 can either perturb Keap1-mediated repression of Nrf2 under basal culture conditions (C273S or C288S) or perturb the ability of Nrf2 to escape Keap1-mediated repression (C151S). An attractive model is that these cysteine residues constitute a multicomponent redox-sensitive switch that determines the ability of Keap1 to repress Nrf2-dependent transcription.
In other proteins in which cysteine residues function as redox-sensitive molecular switches, the critical cysteine residues often participate in reversible disulfide bonds that can alter the electrophoretic mobility of the protein under nonreducing conditions (6) . The electrophoretic mobility of the wild-type Keap1 protein under both nonreducing and reducing conditions was carefully examined. For analysis under nonreducing conditions, COS1 cells were transfected with expression vectors for the wild-type Keap1 protein and lysed with trichloroacetic acid to trap cysteine residues in their native oxidation state (26) . Cell lysates were treated with NEM, which will react with reduced cysteine thiols but not oxidized disulfide bonds, prior to electrophoresis through nonreducing SDS-polyacrylamide gels. No detectable alterations in the electrophoretic mobility of Keap1 in nonreducing SDS-polyacrylamide gels was observed between untreated and tBHQ-treated cells (data not shown).
However, under reducing conditions, while the majority of the Keap1 protein migrates with an apparent molecular mass of 68 kDa, a slow migrating form of Keap1 with an apparent molecular mass of greater than 120 kDa was observed in cell lysates from tBHQ-treated cells (Fig. 4A, lane 2) . This slow migrating form of Keap1 was not present in untreated cells but was induced by tBHQ exposure in a dose-dependent manner (Fig. 4B) . This slow migrating form of Keap1 was also observed in cells treated with other known inducers of ARE-dependent gene expression, including oltipraz, diethylmalate, and sulforaphane (data not shown).
A number of mutant Keap1 proteins were examined for the presence of this slow migrating form in tBHQ-treated cells (Fig. 4A, lanes 3 to 12; data not shown). The slow migrating form of Keap1 was observed in lysates from tBHQ-treated COS1 cells transfected with the mutant Keap1 proteins, with the notable exception of the Keap1-C151S protein. Thus, a single cysteine residue in Keap1 (C151) provides a genetic link between posttranslational modifications that occur on Keap1 cysteine-to-serine substitutions as illustrated in 
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Keap1-DEPENDENT UBIQUITINATION OF Nrf2 8143 during oxidative stress and escape by Nrf2 from Keap1-dependent repression. Cysteines 273 and 283 are required for Keap1-dependent degradation of Nrf2 under basal culture conditions. In contrast to the Keap1-C151S protein,which functions as a constitutive repressor of Nrf2-dependent transcription, the Keap1-C273S and Keap1-C288S proteins are unable to efficiently repress Nrf2-dependent transcription. To determine whether the inability of the Keap1-C273S and Keap1-C288S proteins to efficiently repress Nrf2-dependent transcription is simply due to the failure of these mutant Keap1 proteins to associate with Nrf2, coimmunoprecipitation experiments were performed. COS1 cells were cotransfected with expression vectors for HANrf2 and the wild-type or mutant Keap1 proteins. Cell lysates were immunoprecipitated with an affinity-purified anti-Keap1 antibody,and the presence of HA-Nrf2 in the anti-Keap1 immunoprecipitates was determined by immunoblot analysis. As expected, HA-Nrf2 was readily detectable in immunoprecipitates from cell lysates containing ectopically expressed wildtype Keap1 protein (Fig. 5A, lane 2) . HA-Nrf2 was also readily detectable in anti-Keap1 immunoprecipitates from cell lysates containing the Keap1-C273S or the Keap1-C288S proteins (Fig. 5A, lower panel, lanes 11 and 14) . The impaired ability of the Keap1-C273S and Keap1-C288S proteins to repress Nrf2-dependent transcription is not simply due to the inability of these mutant Keap1 proteins to associate with Nrf2.
Immunoblot analysis of total cell lysates revealed that Nrf2 levels were consistently elevated in COS1 cells cotransfected with expression vectors for HA-Nrf2 and either the Keap1-C273S or Keap1-C288S protein compared to cells cotransfected with expression vectors for HA-Nrf2 and the wild-type Keap1 protein (Fig. 5A, top panel, compare lanes 1 and 2 with  lanes 10 and 11 and lanes 13 and 14) . Pulse-chase labeling experiments were performed to determine whether the Keap1-C273S and Keap1-C288S proteins were able to alter the stability of the coexpressed Nrf2 protein (Fig. 5B) . When coexpressed with the wild-type Keap1 protein in COS cells, the half-life of the HA-Nrf2 protein was found to be 2.6 h (Fig.  5C) . Similarly, the half-life of the HA-Nrf2 protein in the presence of the Keap1-C151S protein was 2.7 h. However, the half-life of the HA-Nrf2 protein when coexpressed with the Keap1-C273S or Keap1-C288S protein was greater than 5 h (Fig. 5C ).
Elevated levels of HA-Nrf2 in the presence of coexpressed Keap1-C273S or Keap1-C288S proteins was observed in several different cell lines, most strikingly in the MDA-MB-231 breast cancer cell line (Fig. 6 and data not shown) . The HANrf2 protein is readily detectable in both cytoplasmic and nuclear fractions of singly transfected MDA-MB-231 cells (Fig.  6, lane 1) . However, in cells transfected with expression vectors for both HA-Nrf2 and the wild-type Keap1 protein, the steadystate level of the cytoplasmic HA-Nrf2 protein was markedly decreased, and levels of nuclear HA-Nrf2 were below the level of detection by immunoblot analysis (Fig. 6, compare lanes 1  and 4) . Coexpression of HA-Nrf2 with the Keap1-C151S protein also markedly reduced the steady-state levels of both nuclear and cytoplasmic HA-Nrf2 (Fig. 6, compare lanes 1 and 7) . In contrast, coexpression of HA-Nrf2 with either the Keap1-C273S protein or the Keap1-C288S protein had no effect on steady-state levels of HA-Nrf2 in both the cytoplasmic and nuclear fractions of MDA-MB-231 cells (Fig. 6 , compare lanes 1 and 10 and data not shown).
The effects of the Keap1 proteins on protein stability of HA-Nrf2 in MDA-MB-231 cells paralleled the effects of the Keap1 proteins on steady-state levels of HA-Nrf2. The half-life of ectopically expressed HA-Nrf2 in the absence of Keap1 was more than 2 h, whereas the half-life of HA-Nrf2 in the presence of coexpressed wild-type Keap1 was approximately 40 min (Table 3) . Coexpression of the Keap1-C151S protein with HA-Nrf2 resulted in a similar reduction in the half-life of HA-Nrf2. In contrast, the half-life of HA-Nrf2 in the presence of the Keap1-C273S protein was greater than 6 h ( Table 3) .
Inducers of Nrf2-dependent transcription block Keap1-dependent degradation of Nrf2. To further examine the relationship between Keap1-dependent degradation of Nrf2 and activation of Nrf2-dependent gene transcription by chemical inducers, MDA-MB-231 cells transfected with expression vectors for HA-Nrf2 and either the wild-type or mutant Keap1 proteins were exposed to either tBHQ or sulforaphane. Exposure of cells transfected with expression vectors for both HANrf2 and wild-type Keap1 to either tBHQ or sulforaphane 
Keap1-DEPENDENT UBIQUITINATION OF Nrf2 8145 expression vectors for both HA-Nrf2 and the Keap1-C273S protein and were not further induced by tBHQ treatment (Fig.  6, lanes 10 to 12) . Pulse-chase experiments were carried out to confirm that the sulforaphane-induced increase in steady-state levels of HA-Nrf2 resulted from a sulforaphane-dependent increase in the stability of HA-Nrf2. The half-life of HA-Nrf2 in the presence of the wild-type Keap1 protein was increased approximately fourfold in sulforaphane-treated cells, from approximately 40 min to more than 150 min (Table 3 ). In contrast, the half-life of HA-Nrf2 in the presence of the Keap1-C151S protein was approximately 40 min in both untreated and sulforaphane-treated cells. Taken together, these results indicate that exposure of cells to either tBHQ or sulforaphane blocks Keap1-dependent degradation of Nrf2, resulting in the stabilization of Nrf2 and increased nuclear translocation of Nrf2. In subsequent experiments, we have confirmed that both tBHQ and sulforaphane increase Nrf2-dependent reporter gene expression in MDA-MB-231 cells transfected with expression vectors for Nrf2 and the wild-type Keap1 protein (data not shown). In contrast, the Keap1-C151S protein functions as a constitutive repressor of Nrf2-dependent reporter gene expression in MDA-MB-231 cells (data not shown), in agreement with the reporter gene assays performed with NIH 3T3 cells (Fig. 3) . Several prior reports have demonstrated that endogenous Nrf2 is ubiquitinated in cells and is degraded in a proteosomedependent manner (25, 36, 37) . To confirm that the ability of the endogenous Nrf2 protein to activate ARE-dependent gene expression is regulated at the level of stability of the Nrf2 protein, the steady-state abundance of Nrf2 was examined by immunoblot analysis with both MDA-MB-231 cells and COS1 cells. Although ectopically expressed Nrf2 was readily detected in both MDA-MB-231 cells (Fig. 7A, lanes 1 and 2) and COS1 cells (data not shown), endogenous Nrf2 was not detectable in either cell type under basal culture conditions (Fig. 7A, lanes 3  and 7) . In contrast, the endogenous Nrf2 protein was readily detectable following exposure of either MDA-MB-231 or COS1 cells to sulforaphane (Fig. 7A, lanes 4 and 8) , tBHQ (Fig. 7A, lanes 5 and 9) , or MG132 (Fig. 7A, lanes 6 and 10) . Reporter gene assays performed in parallel cultures demonstrated that both sulforaphane and tBHQ were able to increase ARE-dependent gene expression in both cell types (Fig. 7B) .
Inhibition of Keap1-dependent degradation of Nrf2 does not result in quantitative release of Nrf2 from Keap1. Keap1 is able to both sequester Nrf2 in the cytoplasm and target Nrf2 for proteosome-mediated degradation. The experimental results shown in Fig. 6 and 7 and in Table 3 , together with several recently published reports (5, 19, 25, 29, 37) , provide strong experimental support for the notion that inducers of Nrf2-dependent transcription inhibit Keap1-dependent targeting of Nrf2 for proteosome-mediated degradation. Inhibition of Keap1-dependent targeting of Nrf2 results in a marked increase in the steady-state levels of Nrf2 that is presumably responsible for increased transcriptional activation of AREdependent genes.
However, it is not clear how stabilization of Nrf2 in the cytoplasm leads to increased levels of nuclear Nrf2 and Nrf2-dependent gene expression. For example, the data shown in Fig. 6 indicate that only a small fraction of the total Nrf2 in tBHQ-treated cells transfected with expression vectors for both Nrf2 and Keap1 is present in the nuclear fraction while the bulk of the Nrf2 protein remains in the cytoplasm (Fig. 6 , lanes 5 and 6, compare upper and lower panels). To determine whether cytoplasmic Nrf2 in tBHQ-treated cells was able to associate with Keap1, lysates from either untreated or tBHQtreated COS1 cells cotransfected with expression vectors for both HA-Nrf2 and Keap1 were immunoprecipitated with antiKeap1 antibodies. The immunoprecipitated proteins were analyzed for the presence of HA-Nrf2 by immunoblot analysis. Substantial HA-Nrf2 was recovered in anti-Keap1 immunoprecipitates from both untreated and tBHQ-treated COS1 cells (Fig. 5A, compare lanes 2 and 3) . Consistent with this result, analysis of cells cotransfected with expression vectors for both Nrf2 and Keap1 by indirect immunofluorescence demonstrated that Nrf2 remains largely cytoplasmic in tBHQ-treated or sulforaphane-treated cells (data not shown). Thus, although inducers of Nrf2-dependent transcription inhibit Keap1-dependent degradation of Nrf2, these inducers do not cause quantitative release of Nrf2 from Keap1. (lanes 4 to 6) , Keap1-C151S (lanes 7 to 9), or Keap1-C273S (lanes 10 to 12) . The transfected cells were either untreated (lanes 1, 4, 7, and 10 ), treated for 16 h with 25 M tBHQ (lanes 2, 5, 8, and 11) , or treated for 16 h with 4 M sulforaphane (lanes 3, 6, 9, and 12) prior to isolation of nuclear and cytoplasmic proteins. Aliquots of nuclear and cytoplasmic proteins derived from equivalent numbers of cells were electrophoresed through an SDS-7.5% polyacrylamide gel and subjected to immunoblot analysis with anti-HA antibodies. ϩ, present; Ϫ, absent. 
a HA-Nrf2 was expressed in MDA-MB-231 cells in the absence or presence of Keap1 proteins and in the absence or presence of sulforaphane.
b The indicated Keap1 proteins (Fig. 1B) were coexpressed in MDA-MB-231 cells with HA-Nrf2. WT, wild type.
c Transfected MDA-MB-231 cells were treated with DMSO (Ϫ) or 4 M sulforaphane (ϩ) for 16 h prior to and during the pulse-chase experiment.
d The half-life of HA-Nrf2 was determined by pulse-chase labeling.
Cysteines 273 and 283 are required for Keap1-dependent ubiquitination of the N-terminal Neh2 domain of Nrf2. To determine if Keap1 targets Nrf2 for ubiquitin conjugation, MDA-MB-231 cells were cotransfected with an expression vector for HA-ubiquitin, an expression vector for a Gal4-Nrf2 fusion protein containing the N-terminal Neh2 domain (amino acids 1 to 97), and expression vectors for wild-type and mutant Keap1 proteins. The transfected cells were either left untreated or treated with MG132 and lysed in the presence of N-ethylmaleimide to block ubiquitin hydrolase activity. Cell lysates were immunoprecipitated with antibodies directed against the DNA-binding domain of Gal4 and the immunoprecipitated proteins were analyzed for the presence of HA-ubiquitin by immunoblot analysis. A ladder of anti-HA-immunoreactive polypeptides was detectable in anti-Gal4 immunoprecipitates derived from cells transfected with expression vectors for HAubiquitin and the Gal4-Neh2 fusion protein (Fig. 8A, lanes 3  and 4) . Coexpression of either the wild-type Keap1 protein or the Keap1-C151S protein resulted in a marked increase in the levels of anti-HA immunoreactive polypeptides present in antiGal4 immunoprecipitates (Fig. 8A, lanes 5, 6, 9, and 10) . In contrast, coexpression of the Keap1-C273S protein had no effect on the level of anti-HA immunoreactive polypeptides present in anti-Gal4 immunoprecipitates (Fig. 8A, lanes 7 and  8) . Treatment of transfected cells with MG132 did not markedly increase detection of ubiquitinated Gal4-Nrf2 proteins, although the steady-state level of the Gal4-Nrf2 fusion protein was slightly increased by MG132 treatment (Fig. 8B ). These results demonstrate that the wild-type Keap1 protein can increase ubiquitin conjugation onto the Gal4-Nrf2 protein. Furthermore, this Keap1-dependent increase in ubiquitination of the Gal4-Nrf2 fusion polypeptide is disrupted by the C273S substitution within Keap1.
The ability of the Keap1-C273S protein to block ubiquitin conjugation to the full-length Nrf2 polypeptide was also determined. MDA-MB-231 cells were cotransfected with expression vectors for HA-ubiquitin, nontagged Nrf2, and the wild-type or mutant Keap1 proteins and either untreated or treated with MG132 prior to cell lysis. HA-ubiquitin was readily detected as a broad smear in anti-Nrf2 immunoprecipitates with an apparent molecular mass greater than 120 kDa from MG132-treated cells cotransfected with expression vectors for Nrf2 and the wild-type Keap1 protein (Fig. 8C, lane 2) . MG132 treatment was necessary to detect ubiquitination of full-length Nrf2 in the presence of Keap1, presumably due to stabilization of Nrf2 (Fig. 8D) . Abundant HA-ubiquitin conjugates were also present in anti-Nrf2 immunoprecipitates from MG132-treated cells that expressed the Keap1-C151S protein (Fig. 8C, lane 6) . However, HA-ubiquitin conjugates in the anti-Nrf2 immunoprecipitates were markedly reduced in MG132-treated cells that were cotransfected with expression vectors for Nrf2 and the Keap1-C273S protein (Fig. 8C, lane 4) .
DISCUSSION
Nrf2 is repressed by the Keap1 protein under basal conditions but can escape Keap1-mediated repression when cells are exposed to reactive chemicals, oxidative stress, or chemopreventive agents. In this report, we have identified three cysteine residues in Keap1 that have distinct roles in basal repression of Nrf2 and in the escape by Nrf2 from Keap1-mediated repression in response to chemical inducers. Two cysteine residues, C273 and C288, located in the central linker domain of Keap1, are required for basal repression of Nrf2 while a third residue located in the N-terminal BTB domain, C151, is required for induced escape by Nrf2 from Keap1-mediated repression. Furthermore, our results link these cysteine residues to the ability of Keap1 to target Nrf2 for ubiquitination and proteosomedependent degradation, as both C273 and C288 are required for Keap1-dependent ubiquitination of Nrf2 while C151 is required for stabilization of Nrf2 in response to tBHQ-induced oxidative stress and sulforaphane. Our results support the hypothesis that these cysteine residues are components of a molecular switch that enables Keap1 to regulate steady-state levels of Nrf2 in response to perturbations in the intracellular redox environment. A striking finding of our results is that Keap1 does not passively sequester Nrf2 in the cytoplasm but actively targets Nrf2 for ubiquitination and subsequent degradation by the proteosome. Our results are in agreement with several recent reports that steady-state levels of endogenous Nrf2 are increased upon treatment of cells with proteosome inhibitors (15, 25, 36, 37) . Our results indicate that Keap1, by targeting the Neh2 domain of Nrf2 for ubiquitination, is a major regulator of Nrf2 stability. The N-terminal Neh2 domain of Nrf2 is sufficient for Keap1-dependent ubiquitination, suggesting that one or more of the seven lysine residues within the Neh2 domain are the acceptor site(s) of Keap1-targeted ubiquitination and are critical determinants of Nrf2 stability. Consistent with this notion, steady-state levels of the Gal4-Neh2 fusion protein are decreased by coexpression of Keap1 in a proteo- 10) , a Gal4-Neh2 fusion protein (lanes 3 to 10), or expression vectors for either wild-type (WT) Keap1 (lanes 5 and 6), Keap1-C273S (lanes 7 and 8), or Keap1-C151S (lanes 9 and 10). The transfected cells were exposed to DMSO (odd-numbered lanes) or MG132 (even-numbered lanes) for 5 h. Cells were lysed in 2% SDS and 10 mM NEM to block ubiquitin hydrolase activity. Anti-Gal4 (␣-Gal) immunoprecipitates (IP) were analyzed by immunoblot with anti-HA (␣-HA) antibodies. IgG, immunoglobulin G. (B) MDA-MB-231 cells were transfected with expression plasmids and treated with MG132 as described for panel A, except that no HA-ubiquitin plasmids were transfected. Total cell lysates were collected in sample buffer and subjected to immunoblot analysis with anti-Gal antibodies. (C) MDA-MB-231 cells were cotransfected with expression vectors for HA-ubiquitin and Nrf2 (lanes 1 to 6), and expression vectors for either wild-type Keap1 (lanes 1 and 2), Keap1-C273S (lanes 3 and 4) , or Keap1-C151S (lanes 5 and 6). The transfected cells were exposed to DMSO (odd-numbered lanes) or MG132 (even-numbered lanes) for 5 h. Cells were lysed in 2% SDS and 10 mM NEM to block ubiquitin hydrolase activity. Anti-Nrf2 (␣-Nrf2) immunoprecipitates were analyzed by immunoblot with anti-HA antibodies. (D) MDA-MB-231 cells were cotransfected with an expression vector for HA-Nrf2 (lanes 1 to 6) and for either wild-type Keap1 (lanes 1 and 2), Keap1-C273S (lanes 3 and 4) , or Keap1-C151S (lanes 5 and 6). The transfected cells were exposed to DMSO (odd-numbered lanes) or MG132 (even-numbered lanes) for 5 h. Total cell lysates were collected in sample buffer and subjected to immunoblot analysis with anti-HA antibodies. (32) . Both single-subunit and multisubunit classes of E3 ubiquitin ligases have been described. The singlesubunit E3 proteins are able to direct ubiquitination of a substrate with just an associated E2 ubiquitin conjugating enzyme while the multisubunit E3 ubiquitin ligases require additional protein components to accomplish ubiquitin transfer from the E2 protein to the substrate. It is not known at this point whether Keap1 is a single-subunit E3 ubiquitin ligase or whether it functions in the context of a larger complex to direct ubiquitination of Nrf2. If Keap1 functions in the context of a larger complex, it is possible that one or more of these Keap1-associated proteins that are required for Keap1-dependent ubiquitination of Nrf2 may be expressed in a cell type-specific manner. Cell type-specific differences in the expression of Keap1-associated proteins required for ubiquitination of Nrf2 may contribute to cell type-specific differences in the stability of Nrf2, including the marked difference in Nrf2 stability between COS1 (2.6 h) and MDA-MB-231 (40 min) cells. Furthermore, as ectopic expression of Keap1 in HepG2 cells can inhibit proteosome-mediated degradation of Nrf2 (36), HepG2 cells may lack one or more protein components required for Keap1-mediated degradation of Nrf2, such that ectopic expression of Keap1 sequesters Nrf2 in the cytoplasm away from the Keap1-independent degradation pathway(s).
Our results indicate that mutation of two critical cysteine residues in the linker domain abolishes ubiquitin transfer onto Nrf2 yet does not perturb the ability of Keap1 to associate with Nrf2. Two possible functions can be envisioned for these two critical cysteine residues. One possibility is that these two cysteine residues are simply required for binding of Keap1 to either an E2 ubiquitin conjugating enzyme or another component of a multisubunit E3 ubiquitin ligase complex. RING fingers, found in many proteins that are components of E3 ubiquitin protein ligase complexes, have a conserved arrangement of cysteine and histidine residues that bind a Zn ion and are thought to form a structural element required for assembly of a functional ubiquitin ligase complex. Although these residues in Keap1 do not have adjacent cysteine or histidine residues found in RING fingers (32) , it is possible that C273 and C288 participate in binding a metal ion in the context of a homodimeric Keap1 protein. A second possibility is that C273 and C288 actively participate in ubiquitin transfer from the E2 protein to Nrf2. Although ubiquitin is brought into an E3 ubiquitin ligase complex as a thioester conjugate with an E2 ubiquitin conjugating enzyme, the E2 proteins require the participation of specific amino acids in E3 ubiquitin ligases to accomplish ubiquitin transfer to an acceptor lysine residue. For example, E6-AP, a HECT domain E3 ubiquitin ligase, has a specific cysteine residue that forms a thioester bond with ubiquitin during the transfer of ubiquitin from the associated E2 protein, Ubc H7, to the substrate, p53 (35) . It will be of interest to determine whether either C273 or C288 forms thioester conjugates with ubiquitin.
The ability of chemical inducers of Nrf2-dependent transcription to stabilize Nrf2 is supported by both our experimental evidence and by several other recent reports (15, 19, 25, 29, 37 ). Our results demonstrate that Keap1 is the target of chemical inducers, as we have identified a mutant Keap1 protein that is a constitutive repressor of Nrf2-dependent transcription and blocks stabilization of Nrf2 by both tBHQ and sulforaphane. This mutant Keap1 protein contains a single cysteineto-serine substitution at residue C151. At least two models can be envisioned that explain how Keap1-dependent ubiquitination of Nrf2 is disrupted by chemical inducers of Nrf2-dependent transcription. In one model, these inducers may directly modulate the oxidation status of either C273 or C288 and thereby inhibit Keap1-dependent ubiquitination of Nrf2. Both C273 and C288 display preferential reactivity with thiol-specific reagents in vitro (8) , and our results demonstrate that serine substitutions at either of these residues disables Keap1-dependent ubiquitination of Nrf2. However, the Keap1-C151S protein, in which cysteine residues 273 and 288 are intact, functions as a constitutive repressor of Nrf2-dependent transcription. Furthermore, sulforaphane has no effect on the stability of Nrf2 in the presence of the Keap1-C151S protein.
Thus, if modification of C273 or C288 by chemical inducers of Nrf2 is responsible for the inhibition of Keap1-dependent ubiquitination of Nrf2, our results indicate that a prior modification at C151 is required, perhaps to induce a conformational change that alters the accessibility of C273 and C288 to the cytoplasmic environment.
An alternative model is that C151 is the direct molecular target of chemical inducers of Nrf2-dependent transcription. We have identified a modified form of Keap1 that accumulates only upon exposure of cells to chemical inducers of Nrf2-dependent transcription. Importantly, formation of this modified form of Keap1 is abolished by the C151S substitution. Thus, the C151S mutation provides a genetic link between release of Nrf2 from Keap1-dependent repression and a posttranslational modification to Keap1. The molecular nature of the modification(s) responsible for the appearance of this modified form of Keap1 in cells is not known. The stability of the modified form of Keap1 under reducing conditions during electrophoresis through SDS-polyacrylamide gels indicates that the modified Keap1 protein is not simply a disulfide-linked dimeric complex. There is precedent for the participation of cysteine residues in the formation of amino acid cross-links that are stable under reducing conditions. For example, a cysteine residue located in the active site of galactose oxidase has been demonstrated to participate in a thioether linkage with a nearby tyrosine, thus forming an intramolecular amino acid cross-link (10) . Given the marked decrease in the electrophoretic mobility of the modified form of Keap1, this modified form of Keap1 may result from an intermolecular protein (15, 19, 25, 29, 37) have illuminated one important mechanism for Keap1-mediated repression and the ability of chemical inducers to enable Nrf2 to escape Keap1-mediated repression. It is likely that additional regulatory mechanisms cooperate with Keap1-dependent ubiquitination of Nrf2 to achieve precise regulation of Nrf2-dependent transcription. We note, for example, that although both tBHQ and sulforaphane treatment result in significant stabilization of Nrf2, only a small fraction of Nrf2 in transfected cells accumulates in the nucleus while the bulk of Nrf2 protein remains in the cytoplasm and can be immunoprecipitated with antibodies against Keap1. One possibility is that inhibition of Keap1-dependent degradation simply stabilizes Nrf2 and that additional posttranslational modifications to the Keap1-Nrf2 complex are required for dissociation of Nrf2 from Keap1. Phosphorylation of Nrf2 is an attractive candidate, as phosphorylation of Nrf2 on S40 by protein kinase C has been reported to reduce the affinity of Nrf2 for Keap1 (13) . Another possibility is that accumulation of Nrf2 in the nucleus is also regulated by nuclear export. In this regard, we have recently identified an NES within Nrf2 that limits nuclear accumulation of Nrf2 following treatment of cells with chemical inducers of Nrf2 (unpublished data). It is likely that nuclear accumulation of Nrf2 is regulated at multiple levels, allowing for rapid yet precise regulation of Nrf2-dependent transcription in response to perturbations of the intracellular redox environment.
